Abstract. Wave propagation under the sea ice is an important issue in marine science and engineering. It is of great significance to deepen the understanding of the uncertainty of sea ice effects. In the paper, under the circumstance of simulated summer sea ice in the Arctic, the attenuation process of wave with peak frequency 0.04 Hz moving northward is investigated with the wave model WAVEWATCH III. Five numerical experiments (one with no sea ice effect, two for the effect of dissipation and two for the effect of scattering) were conducted without considering the influences of ocean currents and surface wind. Through analyzing the modeling result, the effects of schemes of dissipation and scattering from sea ice on the damping of ocean swell have been studied. It is shown that, without sea ice influence, the maximum significant wave height of the swell (MSWHS) reduces to about 1/3 of the initial value after the first 12 hours, then to about 1/18 of the initial value after another 36 hours, due to the dispersion of wave energy and water viscosity; with a constant exponential dissipation rate (2.0 x 10 -7 m s -1 ) enforced by sea ice, a reduction of about 0.35 m of MSWHS is added after 12 hours compared to the result with no sea ice effect considered. The added reduction increases in the former 24 hours and then decreases afterwards; with a scheme with dissipation rate dependent on wave frequency and wave number, the damping of ocean wave is stronger and the MSWHS is reduced to less than 0.5 m after 12 hours. Besides, the direction of wave propagation changes, which deserving further study; with the scattering of sea ice considered, the MSWHS is reduced further due to the added conservative redistribution of wave energy. The scheme with foe size considered attenuates the swell stronger compared to the one which enforces isotropic scattering dependent on sea ice concentration. It is dubious that the simulated reduction of MSWHS is weaker when scattering schemes work together with the dissipation scheme compared to the case when only the dissipation scheme is used.
Introduction
Under the background of global warming, both sea ice concentration and its extent of coverage experience rapid change [1, 2] . It has been believed that floe size distribution of sea ice is a potential factor controlling the speed of sea ice change at the global scale [3] . It is conceivable that, with reduced ice concentration, the ocean waves can be more effective in breaking up the sea ice [4] and mixing the upper ocean, consequently favoring melting and a further reduced sea ice extent [5] .
In summer, the waves in the Arctic ice-free region can be strong enough, which will travel into the ice-covered region and break up the sea ice. The ocean wave will be attenuated in the process of propagation under the sea ice cover.
The variation of the wave action density spectrum [6, 7] can be written as:
NS c N c N c N tk
In which, ( k is the wave-number of the traveling wave and it is associated with the wave-length and phase velocity of the physical wave, ( , , , ) ii k k x y t   is associated with the exponential dissipation of wave energy. Scattering and dissipation have very different effects on the directional and temporal distribution of wave energy, making it possible to better understand their relative importance by analysis of swell directional spreading and arrival times [5] .
Many researchers have focused on studies on scattering or dissipating by artificial perfect features in the sea ice, the work reported here study the damping of ocean wave by climatic summer sea ice in the Arctic produced from a sea ice model.
Design of Numerical Experiments
The wave model WAVEWATCH III (version 5.16) [8] is used in the work. To study the influence of dissipation schemes on wave energy variation (i.e., the effects of sea ice on i k ), experiments are configured to test two different schemes which are denoted by DIS1 and DIS2 respectively. In DIS1, i k is a constant, so the exponential damping rate of ocean wave is independent of wave frequency. In DIS2, it is assumed that sea ice is a continuous thin elastic plate, the friction in the boundary layer under the sea ice leads to the dissipation of wave energy [9, 10] . The exponential damping rate is calculated from sea ice thickness and eddy viscosity parameter (1.83 x 10 -5 m 2 s -1 is used). The damping rate varies with wave frequency and wave-number. Both dissipation schemes assume that the attenuation of wave energy is related to the sea ice concentration, and the larger the sea ice concentration, the more serious the attenuation.
The scattering effects of sea ice on waves will not reduce the total energy, but redistribute the wave energy and weaken the local wave intensity. The parameterized scattering defines the reduction rate of local ice wave energy per unit time. Two scattering schemes, namely SCA1 and SCA2, are tested in this paper.
In SCA1, it is assumed that the size of the floating ice is smaller than that of the grid, a part of the incident wave energy is scattered isotropically. The scattered wave energy is related to the sea ice concentration. The wave energy of each scattered wave component decreases, and the reduced part is redistributed in all directions and the wave energy is conserved for the same frequency component.
In SCA2, the influence of floe size is included. The floe size affects albedo and then the coefficient of scattering. Assuming that the back-scattering is uniform in all directions, the effect of scattering under the conservation of wave action can be expressed as [8] :  is the albedo of sea ice and h is the thickness of sea ice). Multiple reflections are not considered here. Five numerical experiments are designed in this work (see Table 1 ). In EXP_NOICE, no effect of sea ice is considered and the surface gravity waves travel freely on the static ocean; In EXP_DIS1, dissipation scheme DIS1 is used with i k =2.0 x 10 -7 m s -1 ; In EXP_DIS2, dissipation effect with DIS2 is included; In EXP_DIS2_SCA1, scattering effect with SCA1 is added in addition to dissipation effect with DIS2; In EXP_DIS2_SCA2, scattering effect with SCA2 is added in addition to dissipation effect with DIS2. The model uses 100 s (time step), 12 directions (spectral resolution) and 50 km x 50 km (spatial grid resolution) grids. The spatial grid is in a coordinate system of stereographic projection with the North Pole in the center of domain for computation and the wave spectrum is discretized using 3 frequencies starting from 0.03679 Hz with a frequency increment factor 1.1. Dataset Etop2 [11] is used to get model bathymetry. As illustrated in Fig. 1a (only the 120 x 100 grids are shown, similarly hereinafter), the maximum water depth is more than 4000 meters in the domain of calculation, and the bathymetry at the place where the wave was initially formed (Fig. 2) is more than 2500 meters. No varying water level is considered. Sea ice concentration, thickness and mean floe size in September are all derived from a 10-year average of simulation results from a global sea ice model [12] (see Fig.  1b-1d) . Compared with the results from reanalysis, a distinguished error is that the sea ice in Beaufort is unreasonably thick. This is related to the systematic error of the sea ice model and the introduction of floe size distribution, which deserve further study. However, it will be seen later that this fault will not affect the results of the experiments in the work. All experiments share the common choices (called switch in the model): NOGRB, NOPA, LRB4, SHRD, PR3, UQ FLX2, LN0, ST0, NL0, BT0, DB0, TR0, BS0, REF0, XX0, WNT1, WNX1, CRT1 and CRX1. The influence of ocean current and surface wind is not considered. The grid of the North Pole is treated as artificial land with no reflection in order to avoid errors in the refraction scheme, because the true north as a reference direction is used in the ocean wave model. In the experiments, the ocean wave is initially formed at (75ºN, 0ºE) and move northward with peak frequency 0.04Hz of JONSWAP with Gaussian in space [6] . The distribution of the initial significant wave height is shown in Fig. 2 . 
Results of Simulation
When no effect of sea ice is considered, the wave moves northward. After 12 hours, the wave has passed through the Fram Strait and the maximum significant wave height of the swell (MSWHS) decreases to 1/3 of its initial value (Fig 3a) . Then, it continues to propagate northward (Fig 3b) . After 24 hours, it approaches the North Pole and the MSWHS is only about 3.5 m (Fig 3c) . After that, the area disturbed by the wave is further expanded, the significant wave height continues to decrease, and the MSWHS is only about 1.1 m after 48 hours. Because of the dispersion of wave energy and the viscosity of seawater, the attenuation of the swell is obvious in the process of propagation on the open water. Some studies suggest that swell can cause turbulence, resulting in wave attenuation [13] . But this mechanism is not considered in the model. When the dissipation from sea ice is considered, the attenuation of swell is more serious (see Fig.  4 ). Compared with the case of no dissipation, the MSWHS in DIS1 is further reduced. After 12 hours, the reduction is 0.35 m, which is about 7% of the MSWHS in EXP_NOICE. After that, the strength of damping increases continuously. After 24 hours, the reduction of MSWHS is up to 0.7 m, which accounts for about 20% of the MSWHS in EXP_NOICE. After 48 hours, the reduction of MSWHS is about 0.45 m, exceeding 40% of the MSWHS in EXP_NOICE. Compared with the case in DIS1, the effect of dissipation in DIS2 is much more serious (see figures  5, 3 and 4) . In addition, the direction of wave propagation is changed. The initial wave situates in the area of thin ice with sea ice concentration less than 0.1 (Fig. 1b &c, Fig. 2 ). In DIS2, the dissipation rate is related to the wave frequency. After 4 hours, the distribution of the significant wave height is no longer symmetrical, and the MSWHS is reduced to about 6 meters. After that, the attenuation continues. After 12 hours, the MSWHS is below 0.5 meters. After 16 hours, the MSWHS is reduced to about 0.24 meters. With this scheme, the attenuation of wave energy is fast and the wave is limited within a small area. In the experiment with DIS1, the swell does not travel northward passing through the Fram Strait. When the scattering effect from sea ice is added in addition to DIS2, the wave continues to propagate northward as in EXP_NOICE and EXP_DIS1 (Fig. 6 and Fig. 7) . It is shown that the redistributed scattering energy supplements the strong wave energy reduction of wave frequency component in DIS2.From the results of simulation, it seems that the strength of dissipation in DIS2is weakened by adding scattering effect from sea ice (compare Fig. 6&7 with Fig. 5 ). It is puzzling and requires further studies. Scattering from sea ice results in redistribution of energy to a wider area with the strength of the main wave centers decreased (compare Fig. 6&7 with Fig. 3 ). There are obvious differences between the results of the two scattering schemes (compare Fig. 6 with Fig. 7) . With the characteristics of the floe size distribution considered in SCA2, the scattering from sea ice is enhanced. 
Summary and Discussion
In this paper, the research on effects of dissipation and scattering from sea ice on wave propagation has been carried out with the wave model WAVEWATCH III. Provided that strong ocean waves are generated at (75N 0E) in the Arctic Ocean in summer, their evolution is simulated with different schemes of dissipation and scattering under the condition of no ocean current and no surface wind. The aim of the study is to deepen the understanding on the effects of sea ice. It is shown that, in the absence of sea ice effect, the MSWHS is reduced to 1/3 of its initial value after 12 hours due to the energy dispersion and the seawater viscosity; After a constant dissipation rate from sea ice effect is introduced, the significant wave height is further reduced compared to its counterpart without sea ice. After 12 hours, the reduction of MSWHS is about 7% of the value from experiment with no dissipation from sea ice, and then the speed of reduction increases continuously. After 48 hours, the reduction of MSWHS exceeds 40% of the value from experiment without sea ice effect. In scheme considering the dissipation of ocean wave energy from the friction of the boundary layer under the ice, the dissipation effect from sea ice on the waves varies with the wave frequency and wave-number. The speed of wave energy reduction is fast in this scheme. After 12 hours, the MSWHS is lower than 1/20 of its initial value. The wave is limited in a smaller area and the symmetrical structure of significant wave height distribution is no longer maintained. At the same time, the direction of wave propagation is changed; the scattering from sea ice leads to redistribution of energy, which distributes the wave energy to a wider area and weakens the intensity of the main wave center. The results from two scattering schemes are obviously different. In the scheme considering the distribution characteristics of floe size, the scattering effect of sea ice is enhanced.
With declining sea ice cover, there appears to be the "new normal" for seasonal waves with large significant wave height in the Arctic [14] and strong ocean waves will be able to penetrate into the ice cover for longer distance. At present the evolution of ocean waves in sea ice is still very crudely modeled. The main difference between the present work and the existing research is that the sea ice effect is investigated in the near actual marine environment in the study. The main limitation of the study is that the rationality of numerical realization needs to be further validated. In the simulation results, after the scattering effect is considered in addition to a dissipation scheme, the wave attenuation is weakened compared the results from the dissipation scheme alone. This is puzzling and needs further study. Current ocean wave models can only treat ice covered regions crudely. More studies both in theory and numerical modeling are necessary.
